The effect of various dimensions of the shape, relative position and length of channels of plate heat exchangers on the effectiveness of the processes of hydrodynamics and heat transfer are analyzed. Based on the general theory of representations of the boundary layer, it is shown that the length of the entrance section of the hydrodynamic stabilization of flow while creating new and more efficient designs of plate heat exchangers should be accoun ted for. On the basis of the proposed hypothesis about the qualitative hydrodynamic analo gy between the flow streams in plate and mixing heat exchangers, the effect of the relative position of the neighboring channels of plates on the hydrodynamics and the efficiency of heat transfer in a plate heat exchanger is shown.
INTRODUCTION
The basic idea of plate heat exchangers is that one medium (liquid or gas) warms the other, and not the heat exchanger. The process of heat transfer is carried out by transferring heat from one stream of liquid or gas to another without mixing these mediums. In plate heat exchangers, virtually all the material forms a highly efficient plate heat exchange surface. A fragment of the Sondex (Denmark) plate group is shown in Fig. 1 . In the case when two adjacent heat trans fer plate mirrors are turned to each other at 180°, the cor rugations of the adjacent plates intersect, forming channels with a low, high or medium angles of intersection of pairs of adjacent plates. A large angle of the relief plates causes a high resistance and a higher efficiency of heat transfer. On the contrary, an acute angle provides a slight drop in pres sure but a less efficient heat transfer (see Fig. 1 ). A pair of plates comprises a package which may consist of different combinations of pairs depending on the predominance of the requirements of heat transfer efficiency or the minimi zation of pressure losses. Combinations of corrugation an gles in the plates may vary (for example, 60°/60°, 30°/60°, 30°/30°, etc.). The thickness of the plates is typically 0.5 mm, and their dimensions are 0.4-3.5 to 0.15-1.2 m [1] . The area of one plate can vary from 0.04 to 0.62 m 2 and the nominal water consumption from 10 to 350 t/h, the nominal power range varying from 700 to 16 000 kW [1] . Flow channels be tween the adjacent plates have the dimensions of 6 to 12 mm [2-4]. In particular, flow channels in the collapsible Techno logy GEA "FREE FLOW" plate heat exchangers were increa sed to 12 mm in the absence of points of contact between the adjacent plates [2] . The corrugated surface of the channelforming plates contributes significantly to the turbulence which deter mines the high efficiency of heat transfer even at low flow rates.
In accordance with [13] , we assume the optimal design of the channel meeting the following basic requirements:
• highly specific surface;
• minimum hydraulic resistance;
• absence of stagnant zones;
• distribution uniformity of media (gas or liquid);
• turbulence. The shape and geometric dimensions of channels are important but not exhaustive characteristics of plate heat exchangers. The relative position of these channels in the neighboring plates is also significant. From the viewpoint of the effectiveness of heat transfer in a plate apparatus and the compactness of these machines, analysis of the impact of the length of the input section of the hydrodynamic and thermal stabilization of the flow in the channel also seems relevant [5-11, 14, 15] .
In this work, these characteristics are considered in chan nels of plate heat exchangers in their relationship. The influ ence of the geometry, relative position and length of channels of plate heat exchangers on hydrodynamics and heat transfer is analysed.
THE IMPACT OF CHANNEL CROSS-SECTION
Effect of channel shape on the size of the surface Let us consider the effect of the geometric shape of channels on the value of the surface area a. The length of the channel was taken to be H = 1 m; the wall thickness of the channel was neglected. Assume, for example, that the area of channels of different form is constant and equal to 9 · 10 -6 m 2 . The cal culation results are summarized in Table 1 . Table 1 shows that the greatest surface of the same equal crosssection area allows developing a channel of a triangular crosssection. Channels of a square section have smaller va lues. The results are worst in hexagonal channels and in those of a circular crosssection.
Effect of the size of channels
We looked for a relationship between the specific surface a and the value of the equivalent diameter of the channel d e . Let us consider channels of triangular, circular and square cross secti ons. For simplicity, we assume that all channels are straight.
The basic geometric characteristics of the nozzle channel are determined from the relation [12] :
(1) here a is the specific surface of the channel, m 2 /m 3 , ε is the porosity of a single channel (in these cases, ε = 1), d e is the equivalent channel diameter, m, of the analogous hydraulic radius equal to onefourth of the d e value.
(2)
here F is the crosssection area of the channel, and P is the wetted perimeter of the channel.
Calculations were performed for a conventional channel height H = 1 m. The calculation results in a graphical depen dence a = f (d e ) are shown in Fig. 3 . As is evident from the se data, the dependence a = f (d e ) for channels of triangular, circular and square crosssections is described by one curve whose equation is
here n = -1. Thus, increasing the size of the channel from 0.003 m to 0.012 m typical of plate heat exchangers, decreases the speci fic surface area 3.7 times. Effect of channel shape on flow hydrodynamics A comparison of the velocity fields over the crosssection of channels of various shape shows that in channels of triangu lar and square crosssections, in contrast to round, there are vortex and the socalled secondary flows caused by a three dimensional flow in them [6] . The velocity distribution in the channel crosssection is as follows.
For channels of a round crosssection:
here U is the current local value of velocity at a given cross section of the channel, m/s; W 0 is the average flow velocity in this section, m/s, R i is the current radius, m, and R is the channel radius, m. For channels with a rectangular crosssection [7] : (5) here y is the current distance from the channel wall, m, and δ is the width of the rectangular slot, m. For channels of triangular crosssection.
here h is the height of an equilateral triangle, m, and x, y are the current values in the coordinate axes. The axis of symmetry of the crosssection of the chan nel in the form of an equilateral triangle passes through the middle of the base of the triangle, and the base of the triangle . For a channel plate heat exchanger, in the case of chan nels with a crosssection of triangular shape with a strong contraction in the flow area of sharp corners in the area of narrowing there may exist, even in the laminar flow, the Rey nolds number (Re) several times greater than the critical number Re characteristic of a circular channel. At the same time, the rest of the section of the triangular channel flow can be turbulent [6] .
Relationships between the maximum W max and the ave rage flow velocity W 0 for channels of a circular section are shown in Fig. 4 .
For flat channels with a laminar flow regime, the value of the ratio between the maximum and the average flow ra tes is higher than that for channels of a round crosssection: W 0 = 0.666 · W max in a flat and W 0 = 0.5 · W max in a circular channel.
We estimated the effect of channel shape on the coeffici ent of hydrodynamic resistance. The differential static pres sure in the channels is calculated by the known formula [8] : (7) here ζ = the coefficient of hydrodynamic resistance, ρ is the density of gas, kg/m 3 ; W 0 is the average speed of medium flow per total crosssection of an empty channel, m/s, L is the length of the calculated section of the channel, m, and d e is the equivalent channel diameter, m. 
For a fully developed flow in channels of various cross section, we have [6, 8] : (8) here (9) where ν is the kinematic viscosity of the air, m 2 /s. The coefficient B values in equation (8) for channels of various crosssections are shown in Table 2 .
The results of calculating the coefficient of hydro dynamic resistance ζ for channels of various shape with W 0 = 2.0 m/s, d e = 0.005 m, ν = 15.06 · 10 -6 (m 2 /s) [9] are presented below. In this case, Re = 664 at the laminar flow regime; therefore:
for a square channel: (10) for a channel of a round crosssection: (11) for a channel of a triangular crosssection: (12) Thus, the hydrodynamic resistance of channels of square and triangular sections (with an identical part of the typical crosssection) is quite similar.
By formula (7) 
EXPANSION OF HYDRODYNAMIC FLOW STABILIZATION
The modern theory of the boundary layer gives the following representations of the length of the input section of the hydro dynamic stabilization of a flow. The basic idea of stabilizing the flow, as is known, is to perform the correlation ∂W x / ∂x = 0. From the standpoint of obtaining the maximum effect of heat transfer intensification, of greatest interest is the first part of the input area. In this zone, the boundary layers are not clo sed after entering the channel (Fig. 7) . It is in this zone Z that abrupt changes in hydraulic resistance and in other parameters of the flow occur. The hydraulic resistance of the flow in this area improves in comparison with the subsequent part of the channel by 9-10% [11, 16] . However, within the selected zone Z, also the heat transfer coefficient α along the pipe changes (Fig. 7) . The question whether these changes in the extreme parameters of the system are a positive or a negative phenome non for the implementation of the processes of heat transfer in a plate apparatus remains relevant. Since there is a difference of opinions, we shall discuss this issue in more detail.
In [17] , it has been suggested that an increase in the hy draulic resistance of channels due to additional loss of pres sure in the inlet and outlet sections reduces the heating effi ciency. In [18] , experimentally it has been demonstrated the op posite -a decrease in the height of single nozzle H packages; ceteris paribus, the value of the mass transfer coefficient β xv packing Sulzer increases substantially, reaching the maxi mum value at H = 25 mm (see Fig. 8 ).
Experimental data [19] confirm the data presented in [18] . As a result, studies of the process of evaporative coo ling of water in a regular packing film type, made of verti cally mounted boards [19] , have shown that the coefficient A 0 , characterizing the efficiency of the process, the type, desi gn and geometric dimensions of the nozzle, depends on the height of the nozzle H. The coefficient A 0 is a constant factor in the wellknown empirical formula for calculating the mass transfer coefficients β xv [19] : (13) where β pv = volumetric mass transfer coefficient, kg/m 3 · · h · atm;
A 0 is a constant factor, m The results discussed in [19] are presented in Fig. 9 which shows that in the the nozzle height interval from H = 0.9 m up to H = l.7 m the change in A 0 is 30-60% and in the range of H = 1.7 m up to H = 2.5 m only 10-25%. Thus, by increa sing the height of the filling, the effect of H on the parameter A 0 is reduced.
In [14] , the following expression is proposed for estima ting the area of the zone Z (see Fig. 7 ) in which there occur extreme changes in the flow parameters:
here: d e = see equation (2); A = 0.33 (the coefficient); L hst = the length of the section of hydrodynamic stabiliza tion of flow in the channel.
For a laminar flow:
For the turbulent flow regime:
where m = 0.03-0.065; k = 4.4; n = 1/6. The Reynolds number:
where ω is the speed of the current environment, m/s; ν is kinematic viscosity, m 2 /s. In equations (14)- (16), the impact of the channel shape is shown by the parameter d e . Using these equations, the length of the input section of hydrodynamic stabilization of flow L hst , as well as the area of the zone Z for channels with the value equivalent to the diameter of d e 5-40 mm have been calculated. These results are partially presented in Table 3 and shown in Figs As is evident from the results of calculations presented in Table 3 and Fig. 11 , with an increase in the d e values from 5 mm to 30 mm the length of the laminar flow zone Z increa ses from 5.47 to 32.86 mm. In the turbulent flow regime with an increase of the channel d e from 15 mm to 20 mm or more,
The above analysis and the results of the calculations show a possibility of choosing the optimal length of the channels of plate heat exchangers, based on the length of the zone Z.
The relationships between long sections of the hydrody namic and thermal stabilization of the laminar flow regime and at the wall temperature t с = const are as follows: (18) here L tst is part of the thermal stabilization of the flow, and is the Prandtl number. As for air (or diatomic gases), Pr = 0.71; the relationship (18) in this case is:
The proposed equations (14)- (17), (19) can be used in a constructive design of plate heat exchangers.
ANALYSIS OF INFLUENCE OF MUTUAL ARRANGEMENT OF RELATED PIPES OF COMPLICATED GEOMETRY BETWEEN THE NEIGHBOURING CORRUGATED SHEETS
The hypothesis of a qualitative analogy between the hydrodynamic flow streams in the plate heat exchangers and mixing It is known that heat transfer from one carrier to another in plate heat exchangers occurs by thermal conduction through a solid wall. In a mixing heat exchanger, heat is transferred by a direct contact of gas and liquid flows on the wall of the channels through which a thin film of the liquid gravitatio nally flows down. A common feature of the two types of heat exchangers is the geometry of the channels of a complex shape. Package nozzles are used in mixing heat exchangers (cooling towers), and the form of channels between adjacent corrugated sheets in a package of such nozzles is shown in Figs. 12 and 13 .
From the standpoint of hydrodynamic difference be tween the two types of heat exchangers, essential is the pre sence in the channel of the two phases in contact with each other in a countercurrent mode. Since, however, in mixing heat exchangers the liquid phase in the form of a thin film on the walls of the channel occupies only a small part of the crosssection of the channel, then, neglecting the liquid film thickness [39] and waves on its surface [41] , it is clear that the proposed analogy between the conditions of flux flow in the channels of mixing and plate heat exchangers is qualitati ve and of purely hydrodynamic nature. We use the proposed qualitative analogy to justify the possibility of transferring some of the qualitative patterns obtained by experiment in the channels of mixing heat exchangers to the channels of plate heat exchangers. Figure 12 shows that a nozzle represents packets or blocks consisting of corrugated steel sheets interconnected by pins so that each successive sheet is rotated by 90° relative to the preceding one. These channels are formed at the height of the nozzle system of intersecting channels of a triangular cross section from each of the contiguous corrugated sheets so as to change their configuration, and are alternately of triangu lar and rhombic crosssection.
Determination of the optimal angle of corrugations in adjacent plates of a heat exchanger from the results of experiments in the process of evaporative cooling
It is known that a system of differential equations of heat and mass transfer, which describe the process of evaporative cooling towers in the irrigation area, consists of two rates of return -the heat transfer coefficient α v and the volumetric mass transfer coefficient β pv . In this case, there is a physical relation between these rates of return [21] :
here α v is the volumetric heat transfer coefficient, attribut able to the temperature difference in cooling tower water and cooling air, kJ / (kg · °C); β pv is the volumetric mass transfer coefficient, referred to the difference of partial pressures, divided by the barometric pressure, kg / (m 3 · s). Numerically, the ratio (20) follows from the psychrome tric formula for the Assman aspiration psychrometer [23] .
In carrying out the aerial thermal testing of various de signs of regular attachments in blocks of corrugated plates, the coefficient β pv is determined by the results of tests accor ding to the currently applied method [22, 23] , and the α v co efficient is calculated from equation (19) . The equations for calculating the coefficients β pv and α v are as follows: (21) (22) We consider the volume V in which the free surface of liquid is equal to F and the average difference in temper ature and partial pressures are, respectively, (t -V) cp and (P'' -P) cp .
Hence it follows that these coefficients depend on the phy sical properties and velocity of the flowing medium, channel configuration (geometry), the size and condition of the wa shed surface. Given the above hypothesis about the quality of the hydrodynamic analogy between the current flows in plate, as well as taking into account the fundamental analogy between heat and mass transfer, the results of the evaporative cooling of water circulating in a mixing heat exchanger -a cooling tower at the nozzle, made in the form of blocks of vertical corrugated sheets -may be used for the qualitati ve prediction of hydrodynamic flow in channels of complex geometry in plate heat exchangers.
The basic design parameter of a block nozzle is the slope of adjacent corrugation sheets, which varies from 0° to 90°. The published experimental data on the effect of the tilt an gle are contradictory. For example, in [24] it is argued that a high nozzle should form straight, possibly vertical channels. In [25] [26] [27] [28] [29] [30] , oblique nozzle corrugations are preferred. Most manufacturers are promoting the world market caps made from plates with oblique corrugations [31] [32] [33] [34] [35] . Contrary to the opinion of [24] based on their own experimental data, the authors of [36] conclude that the use of nozzles with vertical channels is unlikely to be economically justified. Thus, asses sing the impact of nozzle geometry on the efficiency of heat and mass transfer is an important task.
Unfortunately, the extensive experimental work reported in [36] shows that a comparison of nozzles with a different angle of corrugation is qualitative in nature and seems to result from the authors' approach to the geometric parame ter -the angle to the horizontal corrugations. This geometric parameter did not allow the authors of [36] to compare the results. Meanwhile, materials of the fundamental research carried out by Arefyev [36] are of considerable interest. An important advantage of the experimental data presented in [36] is the fact that all types of attachments in this work were studied in identical conditions, at one stand and by one tech nique, thus excluding the influence of the scale factor.
Below, we present the results of our analysis and synthesis of the experimental results reported in [36] , in contrast to [36] , in the present study we used not the geometrical pa rameter of the inclination of corrugation plates to the hori zontal plane α as is adopted in aerodynamics, but the angle of attack of the incoming air stream β, which allowed us to obtain a satisfactory generalization.
The pending construction of the nozzle blocks indicating circuit designations of the corresponding angles is presented in Fig. 13 . Due to the specular corrugation of adjacent sheets of a regular nozzle relative to each other, the estimated angle of attack for this unit was defined as the arithmetical mean for two adjacent sheets.
In describing the processes of evaporative cooling of wa ter in the cooling tower, the Merkel number is used [37] : (23) here β XV is the volume coefficient of heat and mass transfer, divided by the difference in moisture content, H is the height of the block nozzle, m, and G w is the mass flow rate of cooling circulating water in the cooling tower:
here ρ w is water density, kg/m 3 , and and q w is the density of irrigation, m 3 / (m 2 · h). According to [36, 38] , the volume coefficient of heat and mass transfer β XV can be defined as follows:
here is a relative air flow, kg/kg; q a is the air mass flow rate, kg/(m 2 · s); q w is the irrigation density, kg/(m 2 · s); A is the coefficient characterizing the influence of design fea tures of the nozzle block on its cooling capacity, i. e. the ef ficiency of the nozzle geometry, m -1
; m is an exponent. Based on numerous experiments, we have assumed that the coefficient A and the exponent m in equation (24) are constants for block attachments of a given geometric design. Therefore, it is convenient to base a comparison of different designs on the coefficient A in equation (24) .
A comparison of various attachments may be performed in the following aspects [24, 40] :
• as a ratio of the hydraulic resistance of the nozzle to the attainable efficiency of evaporative cooling of water circula ting in the cooling tower;
• as the effect of the cooling process on energy costs.
In this study, we have used two methodological approach es -the balance and in which ζ is the coefficient of hydraulic resistance of dry unirrigated nozzle, referred to the height of the nozzle, m -1
, and A is the factor in equation (24) .
In a mixed system of units (MKGSSSI), the coefficient ζ has the following expression: (25) here, ΔР = kgs/m 2 or mm of the water column is the total pressure loss in the nozzle, [ρ а ] = kg/m 3 is the gas flow densi ty (from air ρ а = 1.2 kg/m 3 at 10 °C), W 0 = m/s is the expected velocity of air in the full cross-section of the empty vehicle;
[g] = m/s 2 is the acceleration of gravity. The results of our processing of the experimental data of [36] using the angle of attack β as a geometric parameter of the nozzle are presented in Table 4 . The height of corrugation, sheet material, as well as the distance between the individual sheets of the nozzle in the blocks were the same. We changed only the angle α of the inclination of corrugations and, cor respondingly, the angle of attack β.
Using a new geometrical parameter -the angle of nozzle attack β, -it was possible to process the experimental results of [36] and to obtain the corresponding plots of the main characteristics of the nozzle, namely the coefficients of hy draulic resistance ζ and the coefficients A in equation (24) .
One can see in Fig. 14 that the dependence of hydraulic resistance ζ on the angle of attack β for all the nozzles is set so as to increase the drag coefficient with increasing the angle β. When the angle of attack β increases from 0 to 90°, the value of the coefficient of hydraulic resistance increases 10 times.
The influence of the layer height H on the nozzle size of the simplex at different angles of air flow attack in the range of β values within 0-90° is presented in Fig. 15 . As one can see from the curves in Fig. 15 , the highest value of the ratio is obtained at the angle of attack β = 90°. Then the curves are symbiotically descending to 60°, 45°, 30° and 0°. The effect of attack angle β on the value of the coefficient A at the height of the nozzle units H = 2.1 and 2.8 m (const) is shown in Fig. 16 . One can see that the curves are of the ex treme nature with a maximum at values of angles β = 40-60°. This reduced height H corresponds to the curve with a large coefficient A.
When constructing the graphs in Fig. 16 , we used the graphical relationship A = f (H) constructed by us for the an gles of attack β = 30° and β = 60° (Fig. 17) .
The proposed qualitative hydrodynamic analogy be tween mixing and plate heat exchangers and the above ana lysis suggest that the optimal values of the angle of attack β in the adjacent heat exchanger plates should range within 40-60°. 2. A hypothesis of a qualitative hydrodynamic analo gy between the current flows in plate heat exchangers and mix ing has been advanced. As the geometrical parameter defining the corrugated plates, the angle of attack β of the oncoming flow is suggested. On the basis of this hypot hesis and the analysis of experimental results concerning the process of evaporative cooling in a regular packing, we found the range of the optimum angle of inclination of the corrugations of adjacent sheets with respect to the design of plate heat exchangers. 
